The Equatorial Undercurrent is a narrow ribbon of eastward flow centered on the equator in the upper thermocline. It is a per manent feature of the general circulation in the Atlantic and Pacific oceans and is present in the Indian Ocean in northern winter and spring during the northeast monsoon. It reaches speeds of 50-100 cm s -1 below the westward flow of the South Equatorial Cur rent, and in the Pacific transports as much mass on average (40 x 10 6 m 3 s _1 ) as the Florida Current, which feeds the Gulf Stream.
The first observations of the Equatorial Undercurrent were made 100 years ago in 1886 by the Scotsman John Young Buchanan in the Gulf of Guinea. These observations were soon forgotten however, and nearly 70 years were to pass before observations of the Pacific Undercurrent by Townsend Cromwell and Raymond Montgomery inspired more comprehensive ocean surveys and dynamical theories of equatorial circulation. This article reviews the chronology of historical events surrounding the multiple discoveries of the Equatorial Undercurrent and summarizes our present understanding of its dynamics.
J. Y. Buchanan and the First Measurements
John Young Buchanan ( Figure 1 ) was born in Scotland of wealthy parents in 1844. His early education was in Glasgow, and he later attended universities in Germany and Paris to pursue a career in chemistry. On obtaining his degree, he returned to Scotland as an in structor at the University of Edinburgh, though he quickly discovered that he had no taste for teaching. Wyville Thomson was also at Edinburgh at this time, and through him Buchanan learned about the Challenger Expe dition, which Thomson was helping to organ ize. Buchanan was eager to join the expedi tion, and his reputation for hard work and resourcefulness ultimately won him an ap pointment to the Challenger's scientific staff.
The Challenger Expedition lasted from De cember 7, 1872 to May 24, 1876, during which time 362 deep sea stations were occu pied with the ambitious goal of investigating "the physical and biological conditions of the great ocean basins" [Thomson, 1878a] . Through his participation in the Challenger Expedition, Buchanan made several impor tant contributions to the nascent science of oceanography. For example, he was the first to describe the oxygen minimum in at inter mediate depths around 600 m (although he incorrectly interpreted it as being caused by an abundance of animal life [Thomson, 18786] ). He also published a series of papers on the specific gravity of sea water, from which he inferred the distribution of salinity [Buchanan, 1877 [Buchanan, , 1884 . Titration had not been perfected yet, so Buchanan relied on hydrometer determinations of specific gravity and tables for conversion to a constant tem perature of 15.56°C (60°F). His charts and vertical sections showed the global distribu tion of surface salinity for the first time and revealed such features as Antarctic intermedi ate water penetrating into the North Atlantic. He also observed and commented on an iso lated subsurface salinity maximum in the At lantic equatorial thermocline associated with the as yet undiscovered undercurrent.
Buchanan made many other scientific con tributions, including work on the chemical composition of newly discovered manganese nodules [Buchanan, 1891] . He also demon strated that increasing pressure enhanced the solubility of calcareous planktonic skeletal de bris raining down from the euphotic zone, which explained why the deeper parts of the ocean floor were covered with red clays rath er than Globigerina ooze. He likewise put to rest the theory that the sea floor was exten sively blanketed with "Bathybius Haeckelii" or as it was alternately known, Urschleim [Buchan an, 1876]. This was an invention of Thomas Huxley, who, on inspecting deep sea calcare ous sediments preserved in alcohol, noted the presence of a quivering, jellylike substance that he believed to be primordial protoplas mic ooze. He argued that all higher orga nisms evolved from this substance and named it after Ernst Haeckel, who was a leading pro ponent of the theory of spontaneous genera tion. While on board the Challenger, Buchan an showed the substance to be a precipitate of calcium sulfate and completely devoid of life. Huxley, faced with Buchanan's irrevoca ble analysis, immediately and frankly recant ed. Ironically, many of Huxley's disciples were slower to follow suit, being unwilling to accept the fallibility of the great naturalist.
Following the Challenger Expedition, Bu chanan continued the analyses he had begun at sea. He was, however, a man "with little tendency for friendship" [Deacon, 1971] , and at one point he so rankled the British Trea sury that it instructed Thomson, who was co ordinating post-cruise analyses, to terminate Buchanan's involvement [Merriman and Merriman, 1958] . Dittmar [1884] took over much of his unfinished work, and Buchanan retired to his private laboratory to study the coastal wa ters around Scotland from 1878 to 1882. To expand his activity to the deep sea, he con tracted with telegraph cable companies to make scientific observations aboard their sur vey and cable-laying ships.
On one occasion, Buchanan was invited to participate in a cruise aboard the Buccaneer, owned by the Indiarubber, Guttapercha and Telegraph Company of Silvertown [Buchanan, 1886 [Buchanan, , 1888 [Buchanan, , 1892 . After surveying a poten tial cable route between Sierre Leone and Angola along the west coast of Africa in Jan uary and February 1886, the Buccaneer turned seaward for deep sea sounding work. On March 9-11, 1886, the Buccaneer occu pied three stations on the equator between 13°W and 16°W. From these, Buchanan re ported that while the ship was lying at an chor, the surface water was found to have a very slight westerly set . . . and at 30 fathoms the water was running so strongly to the south east that it was impossible to make observa tions of temperature, as the lines, heavily loaded, drifted straight out, and could not be sunk by any weight the strain of which they could bear.
By using a makeshift current drogue com posed of a tow net for biological sampling suspended at about 55 m depth, to which was attached a buoy at the surface and a weight at the opposite end, Buchanan estimated the speed of this "very remarkable undercurrent" at more than 50 cm s _1 at each of the three equatorial stations. Temperature measure ments taken from the Buccaneer at 14°W j(see cover) show a weakening of the thermocline within 2° of the equator, a feature now com monly associated with equatorial upwelling and enhanced vertical mixing in the under current. On a later cable-laying cruise from 0096-3941/8676740-0762$ 1.00
Copyright 1986 by the American Geophysical Union Senegal to the island of Fernando Noronha, he again observed the undercurrent in the western Atlantic and noted [Buchanan, 1896a] that "there is every reason to believe that it is a constant and important factor of the ocean ic circulation." Buchanan [1886] argued that "the study of the currents of equatorial regions would well repay the trouble of the investigation," al though he understood that systematic study of the equatorial current system would re quire more than occasional observations from sporadic cable survey cruises. In the wake of what many politicians considered to be the extravagance of the Challenger Expedition, however, the British government had become very tightfisted when it came to support of basic research. Funds were available only for a limited range of practical problems in phys ical oceanography, such as those in support of North Sea fisheries research. Opportuni ties were also developing in polar science be cause the Arctic and Antarctic were the last great unexplored expanses of the globe in the late 19th century. Support for this re search was motivated more by political rather than scientific considerations, however, since it was a matter of national pride to be first in the race to the poles. Buchanan was rather unsympathetic to this expedient form of pur suing research and remarked that "the warm and pleasant waters of tropical oceans are still almost untouched and teem with objects of interest, and in their exploration and investi gation there are no difficulties to overcome, discomforts to be endured or dangers to be faced." Logistically, however, the tropics were too remote, and there was less compelling commercial, political, or military benefit in studying them.
Aside from these political stumbling blocks, Buchanan failed to generate widespread en thusiasm for his discovery because he was a loner and not much of an organizer. More fundamentally, however, the undercurrent did not stimulate any serious scientific inquiry since the dynamics of ocean circulation were so poorly understood at this time. The debate over whether the ocean was driven primarily by winds or by density differences had been raging since before the Challenger Expedition but was for the most part argued by geolo gists and biologists with limited training in mathematics or physics. For example, the im portance of the earth's rotation and the mo tive force resulting from a sea level slope of 10" 6 were not fully appreciated. Moreover, the Challenger Expedition did not help to re solve basic theoretical issues as had been an ticipated. Only two of the 50 volumes of the Challenger report (one of which contained contributions by Buchanan) dealt with the physical and chemical properties of seawater.
Buchanan remained an advocate of tropical 
Rediscovery in the 20th Century
The Equatorial Undercurrent was rediscov ered in the tropical Pacific by Townsend Cromwell and Ray Montgomery aboard the R/V Hugh M. Smith in 1952. Oceanography had undergone a significant intellectual, tech nical, and organizational evolution since the late 19th century, so that these new measure ments had a dramatically different impact on oceanography than Buchanan's did. In par ticular, an infrastructure has been established in the United States to promote basic oceanographic research after the Second World War. This infrastructure consisted of numer ous private and government laboratories en gaged in oceanographic research, funding agencies such as the newly instituted National Science Foundation, and an expanded com munity of oceanographers resulting from the demands of war research in the previous dec ade. Also of relevance were mechanization and other technical advances in the fishing industry that led to the development of an open ocean tropical tuna fishery.
Thus the U.S. Fish and Wildlife Service be gan a series of semiannual hydrographic cruises in January 1950 to aid in fisheries de velopment. These cruises, originating from the service's Pacific Oceanic Fisheries Investi gations (POFI) Laboratory in Honolulu, Ha waii, were to define the physical, chemical, and biological environment of the central equatorial Pacific and to survey fish resources there. The survey was to be conducted by us ing longline fishing gear, which consisted of miles of cotton line to which were attached floats and baited hooks. The line would sink to depths of 50-250 m depending on place ment of the floats and vertical shear of pre vailing currents.
Townsend Cromwell was chief scientist aboard several of these cruises and noted that near the equator the longline system often drifted upwind against the surface flow, at times reaching speeds of 50 cm s" 1 . Large wire angles were also encountered within 2° of the equator during hydrographic casts, suggesting the existence of strong vertical shears. The significance of these observations was not fully appreciated, however, as Crom well began organizing a cruise in early 1952 to make direct measurements of currents near the equator using drogued buoys. He was primarily interested in studying the me ridional circulation that controlled upwelling and near-surface nutrient concentrations, since these were a central focus of POFI pro grams [e.g., Cromwell, 1953].
Montgomery became involved in the latter stages of planning this cruise as part of a summer visitors program recently instituted by POFI. Cromwell was the only physical oceanographer in Hawaii at that time and had limited interaction with the larger com munity on the mainland. The visitors pro gram was designed to remedy this, and Mont gomery, a professor at Brown University (Providence, R.I.), was the first to accept an invitation. Dick Stroup, a support scientist at POFI, assisted in the planning and prepara tions for the cruise (including the design of the drogues) and later collaborated in the analysis of the data.
The Hugh M. Smith left Honolulu on July 23, 1952, to make a series of hydrographic stations and current drogue measurements near 150°W. Drogues were released between 7°N and 3°S at different depths and tracked by a combination of celestial navigation and radar ranging. Preliminary results appeared 2 years later [Cromwell et al, 1954] in an arti cle entitled "Equatorial Undercurrent in the Pacific Revealed by New Methods," in which it was stated that in the lower part of the sur face layer and upper thermocline "the sub merged east current was . . . observed in a narrow zone near the equator, the speed of the axis exceeding one knot" (Figure 2 ). There are two ironies associated with this publication. The first is that the method of measuring current velocity with drogues was not new at all but had been used by Buchan an to measure the Atlantic Undercurrent and by others before him in the 19th century. Second, the editors of the journal were ada mant in insisting that the article emphasize the measurement technique and not the dis covery of the undercurrent, since they deemed the former to be more interesting. The definitive cruise report was published by Montgomery and Stroup [1962] 10 years af ter the original measurements. The delay was in part because Cromwell left the Fisheries Service in Honolulu to work for the InterAmerican Tropical Tuna Commission in San Diego, Calif. Montgomery, on the other hand, moved to Johns Hopkins University (Baltimore, Md.), and Dick Stroup remained in Honolulu for several years before joining Montgomery to pursue graduate studies. The publication was also delayed because Crom well withdrew from authorship to concentrate on fronts research and later died in an air plane crash near Guadalajara, Mexico, in 1958 [Knauss, I960]. However, the 1954 arti cle and conference reports were sufficient to stimulate the oceanographic community so that the "Cromwell Current," as it was some times referred to after his death, became a subject of intense study by the late 1950s.
New Data, Old Data, and Theories
The Equatorial Undercurrent generated so much excitement because it was a "new" dis covery that had not been predicted by recent theories of the general circulation [Sverdrup, 1947; Stommel, 1948; Munk, 1950] . These the ories had successfully accounted for the exis tence of major ocean currents such as the Gulf Stream and Kuroshio and explained the western intensification of wind-driven gyres in terms of the sphericity of the earth. The theories were for depth-integrated flow, how ever, and so the existence of the undercur rent was obscured. Furthermore, incorpo ration of vertical structure near the equator was not straightforward because the Coriolis force, an important component of these theo ries, vanished at the equator. This led to sin gularities both in the surface Ekman layer and in deep geostrophic flows so that the un dercurrent could not be easily reconciled with prevailing views of the general circulation.
Unraveling the dynamics of the Equatorial Undercurrent would require a more compre hensive data set than that provided by a sin gle cruise of the Hugh M. Smith. Thus, during the International Geophysical Year (IGY, 1957 (IGY, -1958 and afterwards into the 1960s, the United States, France, Japan, and the So viet Union launched expeditions in the Pacif ic to determine the meridional, vertical, and zonal extent of the undercurrent and its rela tion to temperature, salinity, and chemical tracer distributions. The description that emerged from these expeditions and the dy namical insights that they provided are sum marized in Figures 3 and 4 . Figure 3 shows the undercurrent in the central Pacific be tween 2°N and 2°S in the upper thermocline. Core speeds exceed 100 cm s _1 and eastward transport is -40 x 10 6 m 3 s" 1 . The South Equatorial Current flows above the undercur rent and separates it from the surface countercurrents to the north and south.
The spreading of the thermocline seen in Figure 3 is consistent with a cross-stream geo strophic balance of zonal velocity and results from a vigorous meridional circulation and intense vertical mixing. (This figure should be compared with Buchanan's temperature section, on the cover.) The meridional circu lation is induced by easterly trade winds, which produce poleward surface Ekman flows of the order of 10 cm s _I near the equator. This Ekman divergence is fed by upwelling at a rate of about 1 m per day, which brings cold nutrient-rich, oxygen-poor water to the surface and distends the upper ther mocline. Upwelling is in turn maintained by a geostrophic convergence in the thermocline, with meridional currents of the order of 1 cm s _1 balanced by an eastward pressure gradi ent force at depth. This geostrophic conver gence is indirectly indicated by the tongues of high and low salinity directed towards the equator in the upper few hundred meters.
Turbulent mixing is produced by intense vertical shear of the undercurrent both above and below its core. Turbulence tends to ho mogenize the thermal structure near the equator and so works in concert with the field of vertical velocity to weaken the ther mocline. Turbulent vertical diffusion of zonal momentum is also the principal force retard ing flow of the undercurrent. Figure 4 shows the variation in thermal structure and pressure along the equator. The trade winds pile up warm water in the western Pacific, creating a deep mixed layer and tilting the thermocline up toward the east. The excess of warm, low-density water in the west leads to sea level about 50 cm higher than in the east and an eastward pres sure gradient force to about 250 m. A few degrees to the north and south this pressure gradient drives the convergent geostrophic mass flux toward the equator. At the equator, the deflecting force caused by the earth's ro tation vanishes, and the undercurrent flows down gradient in the thermocline.
The Equatorial Undercurrent is generally present across the entire span of longitudes shown in Figure 4 , shoaling from west to east in tandem with the thermocline. It is likewise present further to the west of 160°E, al though it exhibits greater temporal variability there because of the monsoonal character of the wind field in the western Pacific. Con versely, the zonal pressure gradient reverses east of the Galapagos Islands, and the under- current is shunted southward to feed the Peru Coastal Undercurrent.
The interpretation of these data was aided by theories that began to appear in the late 1950s [e.g., Stommel, 1960; Charney, 1960] (see Figure 5 ). These theories established the cen tral importance of the trade winds in setting up a baroclinic zonal pressure gradient to provide the source of eastward momentum for the undercurrent. Moreover, this pres sure gradient eliminates singularities in the Ekman layer and so allows for a reconcilia tion of undercurrent dynamics and Sverdrup dynamics. By using these theoretical concepts and historical data, Neumann [1960] discussed the similarities between Atlantic and Pacific wind regimes and sea level and predicted that an Undercurrent would be found in the At lantic. His work anticipated the first direct measurements by Soviet and U.S. expedi tions, who found an Atlantic Undercurrent similiar in all its essential aspects to that in the Pacific [Voigt, 1961; Metcalf et al, 1962] . The Soviet measurements were made aboard the R/V Mikhail Lomonosov; hence the under current is sometimes referred to as the Lo monosov Current [Philander, 1973] .
Measurements in the Indian Ocean would provide another test of the theories. The In dian Ocean is dominated by seasonally revers ing monsoons and mean westerly winds along the equator. Easterlies prevail only during the northeast monsoon, which lasts from approx imately December to April. Researchers therefore expected that an undercurrent and eastward pressure gradient would be present in the thermocline only during the northern winter and spring. This was confirmed inde pendently by Soviet, British, and U.S. scien tists, who found eastward subsurface flow along the equator at speeds of 50-100 cm s _1 during the International Indian Ocean Expe dition [Knauss and Taft, 1964; Swallow, 1964] . Furthermore, the zonal pressure gradient as sociated with this flow reversed during the southwest monsoon, at which time the under current was either absent or poorly devel oped.
This flurry of measurements in the decade after Cromwell and Montgomery's discovery was complemented by an analysis of historical data, an example of which has already been cited [Neumann, I960] . In addition, Tsuchiya [1961] reviewed Japanese archives and dis covered that the Japanese Navy made direct observations of the Equatorial Undercurrent between 138°E and 166°E in the 1920s and 1930s. These measurements, made with Ek man current meters, were neither properly interpreted nor widely publicized and so fell into obscurity. However, they clearly showed an eastward undercurrent flowing at speeds of 50-100 cm s -1 in the deep western Pacific thermocline.
Buchanan's work came to light at this time as well. Montgomery and Stroup [1962] and Montgomery [1962] found reference to the Buccaneer measurements in an old German text [Kriimmel, 1911] from which they traced back to Buchanan's original papers. Thus in Montgomery's [ 1962] review of undercurrent observations, he states that "credit for the dis covery of the Equatorial Undercurrent must go to the British oceanographer J. Y. Bu chanan." Montgomery and Stroup [1962, pp. 62-63 ] also note that "there is no technical reason why equatorial drogue work . . . might not have immediately followed the Buccaneer work in 1886 instead of waiting until 1952." As suggested above, the reasons for this long delay were more likely political, personal, and scientific in nature. Figure 6 shows an index of recent interest in studies of the undercurrent, namely, the number of publications listed in Oceanic Ab stracts (an electronic data base maintained by Cambridge Scientific Abstracts, Bethesda, Md.) in which "Equatorial Undercurrent" or "Cromwell Current" appears in the title, ab stract, or subject list. Also shown is the per centage that the number represents as a total of all publications in a given 2-year period. The time series begins in 1964, before which data are not readily available, and ends in 1983, after which the abstracts are not yet completely updated. The total number of publications for 1964-1983 is 96. This is to be compared to a similar tally of 610 for the Gulf Stream, indicating the relative level of effort devoted to the study of these two ma jor ocean currents.
Trends
Interest in the Equatorial Undercurrent has not been uniform with time. By the late 1960s, the undercurrent had been discovered in all three basins and there existed a basic theoretical description of its dynamics. Conse quently, interest began to wane and was fur ther diminished in the early 1970s as the oceanographic community geared up for the Mid-Ocean Dynamics Experiment (MODE), a study of mesoscale eddy variability at mid-lat itudes. Philander [1973] published a review ar ticle in 1973 on theories and observations of the undercurrent that summarized most of what was known up to that time and that marked the close of the first phase of under current exploration in the 20th century.
A second phase began in the mid-1970s as the undercurrent was studied as one compo nent of large-scale field programs designed to address broader issues of tropical oceanogra phy. One of the first of these programs was the GARP (Global Atmospheric Research Program) Atlantic Tropical Experiment (GATE), which was designed to examine airsea interaction on atmospheric "weather" time scales. Data from this experiment drew attention to the fact that the undercurrent was not steady but instead meandered with a period of several weeks and a zonal wave length of 2000 km [Diiing et al, 1975] . Later, programs such as the North Pacific Experi ment (NORPAX) and the Indian Ocean Ex periment (INDEX) focused on seasonal vari ability in equatorial current and hydrographic structures. Similarly, the Equatorial Pacific Ocean Climate Study (EPOCS) concentrated on interannual variations of the eastern equa torial Pacific and the relation of current fluc tuations to the El Nino/Southern Oscillation phenomenon. The Tropic Heat project be gan a systematic study of the processes that control equatorial sea surface temperature variability and the role of the undercurrent in mediating those processes. These and oth er field programs, as well as a reexamination of theoretical issues [e.g., McCreary, 1980; McPhaden, 1981] These observations signal a shift in under current research that could be viewed as a third phase of 20th-century exploration. This phase can be characterized in terms of inter disciplinary studies of undercurrent variabili ty and its impact on global climate and on biogeochemical cycles. Initiatives such as the Tropical Ocean-Global Atmosphere program (TOGA), the World Ocean Circulation Ex periment (WOCE), and the Global Ocean Flux Study (GOFS) will play a major role in supporting undercurrent research during this phase, which promises to be as exciting and productive as those before it.
